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Abstract—Modal behaviors of an InGaAsP–InP Fabry–Perot
laser emitting in a long-wavelength region were experimentally
examined. The authors had predicted theoretically that the
mode-competition phenomena induce quasi-periodic hopping
among several longitudinal modes, which reveal multimode-like
output spectra as the time-averaged spectra in long-wavelength
lasers. In this paper, experimental measured data of the time
variations of photon number and their frequency spectra in
addition to the longitudinal mode spectra are reported together
with theoretically simulated results. The previous theoretical pre-
dictions were well proved by these experimental measurements.
Index Terms—Experimental measurement, InGaAsP–InP
lasers, mode-competition phenomena, mode hopping, multimode.
I. INTRODUCTION
SEMICONDUCTOR lasers are popularly used as opticalsources in optical fiber communication systems and in
the optical disk system. For wider application of optical sub-
scriber networks such as the fiber to the home (FTTH) system,
InGaAsP–InP lasers with Fabry–Perot (FP) type structure will
be mostly used as emitting sources because of low cost of the
device and suitable wavelength for the optical fiber system.
The single longitudinal mode operation has been achieved in
AlGaAs–GaAs FP-type lasers. Theoretical background for the
single-mode operation was firmly given in terms of the strong
gain suppression effect for nonlasing modes when the transverse
modes are well controlled under CW operation [1]–[6].
However, difficulties for getting the single longitudinal mode
operation in InGaAsP–InP FP-type lasers were pointed out ex-
perimentally even when the transverse modes were well con-
trolled [7], [8].
As a possible mechanism showing the multilongitudinal
mode operation, Ogita indicated an effect due to the asymmetric
gain suppression, where modes on the shorter wavelength side
of the lasing mode are suppressed but those on the longer
wavelength side are enhanced [9].
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This model was re-examined by Ahmed and Yamada more
precisely by adding intrinsic quantum noise sources which in-
duce instability in the lasing operation and was found that the
lasing modes hop almost periodically among several longitu-
dinal modes and show multimode-like spectrum in time-aver-
aged output [10]. Namely, the laser operates with a single mode
instantaneously, but the lasing mode hops to another mode soon
on the longer wavelength side by the asymmetric gain suppres-
sion. This kind of hopping continues over several longitudinal
modes. Then the lasing mode switches back to a mode on the
shorter wavelength side because of reduction of the linear gain
in further longer wavelength region. Such phenomena are re-
markable in long-wavelength lasers made of InGaAsP–InP be-
cause the asymmetric gain distribution attains values higher than
the linear gain distribution along optical frequencies (longitu-
dinal mode distribution) [11]–[14].
In this paper, we report experimental evidences of the above-
mentioned phenomena in a 1.3- m InGaAsP–InP FP laser. Time
variations of output power of each longitudinal mode and total
intensity by all lasing modes as well as optical frequency spec-
trum of the output light and intensity noise were experimentally
measured. The measured results were in good agreement with
theoretical simulations based on our previously published model
[10].
This paper is organized as follows. In the next section, the
mechanism of the predicted multimode-like oscillation is re-
viewed. In Section III, experimental examinations are shown
comparing with the theoretical simulations. Conclusions of this
work are given in Section IV.
II. MECHANISM OF THE MULTIMODE-LIKE OSCILLATION
A. Theoretical Model
Variations of the photon number of a lasing mode and the
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(3)
Here, is the modal gain where the saturation effects are
taken into account. is the linear gain coefficient, is the self-
saturation coefficient, and and are the symmetric
and the asymmetric cross-saturation coefficients from mode





where is the slope (or tangential) coefficient to characterize
the linear gain coefficient, is the field confinement factor of the
optical field into the active region, is the volume of the active
region, is a coefficient giving the wavelength dispersion of the
linear gain, is the center wavelength of the linear gain, is
the transparent electron number, is the intraband relaxation
time of the electron wave, is the dipole moment, is an
electron number characterizing the saturation coefficient , is
the speed of light in free space, is the refractive index, is
the electron lifetime, is the total photon number
summed for all existing modes, and is the linewidth enhance-
ment factor [16].
The term of (1) accounts for
inclusion of the spontaneous emission into mode , where
is the half width of the spontaneous emission profile. and
in (3) are the injection current and the electron charge, respec-
tively. and in (1) and (3) are generating term of the
fluctuation caused by the spontaneous emission [10], [17].




exists. This condition is held in almost all conventional lasers.
Since the gain saturation by gives almost symmetric
profile for the optical wavelength difference , is
called the symmetric cross-saturation coefficient. On the other
hand, the coefficient of (7) or (8) works to suppress the
lasing gain for the modes on the short-wavelength side, but
works to increase the lasing gain of the modes on the longer
wavelength side. Then, is called the asymmetric cross-sat-
uration coefficient [11]–[14]. The effect of is pronounced
when the linewidth enhancement factor is large and the wave-
length dispersion of the linear gain is gradual, that is, the coef-
ficient is small in (4).
in (1) is the threshold gain level and is determined with
the absorption loss coefficient of the laser and the mirror loss
as
(10)
where and are power reflectivities at the front and back
facets, respectively.
The electron lifetime is examined by the next equation with
the effective rate of the spontaneous recombination as
(11)
We label here the mode number to be
, where the mode is at the center wave-
length of the linear gain. The lasing modes on the shorter
wavelength side, , are indicated with negative numbers
, while those on the longer side, , are
indicated with positive numbers . The total number
of the modes counted in the simulation is .
Numerical simulations of the lasing operation were per-
formed utilizing the rate equations (1) and (3) based on the
manner described in [10]. The total number of modes counted
in the simulation is 15, that is, .
The numerical values of parameters used in the simulations
are listed in Table I supposing a 1.3- m InGaAsP–InP FP laser.
B. Periodic Hopping and the Multimode-Like Oscillation
Dynamics of the laser can be analyzed by (1)–(11). Here,
we will give a qualitative explanation for periodic mode
hopping caused by the asymmetric cross saturation with
Fig. 1(a)–(d).
When a laser is operated with higher injection current than
the threshold current level , the single-mode operation with
mode should be assumed because of the highest value
of the linear gain . The saturated gain of this mode is
as indicated by the solid circle in Fig. 1(a). Gains
of other modes on the shorter wavelength side are suppressed
to lower values than the threshold gain level as indicated
with hollow squares, but those on the longer wavelength side are
relatively enhanced due to a negative value of especially
at neighbor mode to the lasing mode. In the case of Fig. 1(a),
gain of mode becomes higher than as indicated
with the solid square. Then, the lasing mode hops (jumps) from
to , and the operating state changes to Fig. 1(b).
At this instance, gain of the mode keeps and
the laser shows the single-mode operation with the mode
. Gains of almost all other modes except the mode
are suppressed by the lasing mode. However, the gain of mode
becomes higher than . Then, the lasing mode hops
from to and the gain profile becomes like that
shown in Fig. 1(c).
Such hopping (or jumping) to longer wavelength side
continues until the linear gain becomes sufficiently small.
Fig. 1(d) is the case that gain on the longer wavelength side
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TABLE I
VALUES OF PARAMETER USED IN THE SIMULATIONS OF AN INGAASP LASER
Fig. 1. Schematic illustration for the rotating effect of the mode hopping
among several longitudinal modes. When the asymmetric gain distribution is
larger than the linear gain distribution along optical frequencies, the lasing
mode hops to the longer wavelength side continuously and hops back to the
central mode. The solid circle, the solid square, and the hollow squares mean
the operating mode, the mode having higher gain than the threshold, and the
nonoscillation mode, respectively.
never exceeds . However, when the lasing mode becomes
far from the central mode of , the lasing gain of mode
increases again, because of the large value of the linear
gain and small value of the asymmetric cross-saturation
coefficient . If the gain of mode exceeds ,
the lasing mode hops back to the mode , as shown in
Fig. 1(d) and (a).
The above-mentioned series of hopping is repeated in In-
GaAsP lasers, where the influence of the asymmetric gain is
strong due to a larger value of the asymmetric gain than the dif-
ferences of the linear gain among the lasing modes. The wave-
length range of the hopping and the repeating frequency depend
on the material parameters such as the linewidth enhancement
factor and the wavelength dispersion of the liner gain as well
as the wavelength separation and the injection cur-
rent .
The lasing operation is the single mode instantaneously.
However, the time-averaged lasing spectrum looks like the




Measurements were done on a buried-heterostructure (BH)
type InGaAsP–InP FP laser for 1.3- m emission, in which the
transverse mode is well controlled. To confirm experimentally
the theoretical prediction, two different setups were prepared.
The first setup was to measure time variations of modal
photon number. Each longitudinal mode was separated from
other modes by using a monochromator as shown in Fig. 2.
Temperature of the laser sample was fixed at C
with a Peltier element to avoid unnecessary mode-hopping
phenomena induced by temperature change. The laser was
operated with with CW current. The output light
of each mode was detected by a PIN photodiode and its time
variation was examined with a digital oscilloscope. An optical
chopper was inserted in front of the monochromator to give
identical timing to measure different longitudinal modes with
the digital oscilloscope. Measurements were done for modes
, , and .
YAMADA et al.: TIME-DEPENDENT MEASUREMENT OF THE MODE-COMPETITION PHENOMENA 1551
Fig. 2. Experimental setup to measure the time variations of the modal photon
number.
Fig. 3. Experimental setup to measure time variation and frequency spectrum
of the total photon number and the time-averaged optical spectrum.
The second setup was to measure time variation and fre-
quency spectrum of total output power over all lasing mode
and time-averaged optical spectrum as shown in Fig. 3. The
temperature of the laser was also fixed at C. The
optical output from the laser was divided by an optical attenu-
ator (ATT). Time variation and frequency spectrum of the total
output were examined by using the digital oscilloscope and
a spectrum analyzer, respectively. The time-averaged optical
spectrum was measured with an optical spectrum analyzer.
B. Time Variations of Modal Photon Number
The time variations of the modal photon number are shown
in Fig. 4. In the figure, is the time-averaged total photon
number which was examined from measured results given in
the next subsection. The figure indicates that the quasi-periodic
hopping occurred at almost the same interval but with different
initial timing for pulsation. Corresponding theoretical simula-
tions are given in Fig. 5. Rather scattered variations are due to
the introduction of the noise sources and in (1) and
(3). Although the measured time variations were smaller than
the variations by the theoretical simulations, existence of the
quasi-periodic mode hopping was experimentally confirmed.
C. Time Variation of the Total Photon Number and
Longitudinal Mode Spectra
Experimentally measured time variations and frequency
spectrum of the total photon number over all modes are shown
in Fig. 6(a) and (b). The driving current level is .
Time variation of the total photon number indicates almost
dc output with small fluctuation, as found in Fig. 6(a). The
frequency spectrum is represented in form of the relative
intensity noise (RIN) and shows higher values in the range
Fig. 4. Experimentally measured time variations of the modal photon
numbers.
Fig. 5. Simulated results of time variations of the modal photon numbers.
between 50–80 MHz. This frequency range may correspond to
the repeating frequency of the quasi-periodic mode hopping.
Corresponding theoretical simulations of the time variation
and frequency spectrum of the total photon number over all
modes are shown in Fig. 7(a) and (b). The time variation shows
two types of fluctuations with very rapid variation and rather
slow variation. The frequency spectrum in Fig. 7(b) tells us that
the fluctuation with rapid variation corresponds to the so-called
relaxation frequency at several gigahertz, while the fluctuation
with rather slow variation gives another peak in the range be-
tween 30–70 MHz. The latter peak corresponds to the repeating
frequency of the quasi-periodic mode hopping [10].
In the case of our experimental measurements given in
Fig. 6(b), data for the frequency range higher than 170 MHz
were not adopted because of inclusions of environmental
electromagnetic signals such as TV broadcasters and other
experimental equipments into the PIN photodiode. However,
we could show evidence of the quasi-periodic mode hopping
through frequency spectrum of the total photon number.
Experimentally measured optical spectra are shown in Fig. 8
for cases of (a) to be as an operation near the
threshold and (b) to be as another operation with a
sufficiently high injection level. In the figures, is the time-av-
eraged modal photon number and indicates wavelength
separation between the central mode and a certain mode
1552 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 39, NO. 12, DECEMBER 2003
Fig. 6. Experimentally measured results of total photon number. (a) Time variation. (b) Frequency spectrum. The peak of the frequency spectrum in the range
from 50 to 80 MHz indicates the quasi-periodic mode hopping.
Fig. 7. Simulated results of total photon. (a) Time variation. (b) Frequency spectrum. The peak of the frequency spectrum in the range from 30 to 70 MHz
indicates the quasi-periodic mode hopping.
Fig. 8. Experimentally measured optical spectra. (a) At I = 1:05I . (b) At I = 1:7I .
. Since the temperature of the laser sample was fixed at
C, the wavelength of the central mode must be fixed. Both
spectra indicate the multimode operation. However, Fig. 8(a)
shows a symmetric profile for variation of the wavelength, while
Fig. 8(b) shows an asymmetric profile.
The most dominant mode at is the central mode
of , but that at shifts to the longer wavelength
side up to the mode in this case. Another remarkable
feature at is the asymmetric profile of the modal
photon number. The modal photon number on the longer wave-
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Fig. 9. Simulated results of optical mode spectra. (a) At I = 1:05I . (b) At
I = 1:7I .
length side reduces more steeply from the dominant mode than
those on the shorter wavelength side. These features are also
good evidence of the quasiperiodic mode hopping.
Theoretically simulated results corresponding to Fig. 8(a)
and (b) are given in Fig. 9(a) and (b). When the injection current
is very near to the threshold current level such as
inclusion of the spontaneous emission is still strong, resulting
in stable multimode operation [2], [6]. However, when the
injection current increases more, the quasi-periodic mode
hopping starts, resulting in multimode-like profiles in the
time-averaged spectrum with an asymmetric profile for wave-
length distribution.
IV. CONCLUSION
In this paper, we demonstrated experimental evidences of the
timely repeated mode-hopping phenomena in an InGaAsP–InP
FP laser for 1.3- m emission by tracing time-dependent varia-
tions of lasing modes and compared the results with theoretical
simulations.
Our obtained results are as follows.
1) When the laser was operated with the high injection cur-
rent level, the mode-hopping occurred repeatedly among
several longitudinal modes even when the total output was
almost constant.
2) The aforementioned hopping resulted in multimode-like
characteristics in the time-averaged optical spectrum but
its profile was asymmetric for wavelength distribution.
3) The frequency spectrum of the total photon number over
all modes had a peak in the range from 50 to 80 MHz
which corresponds to the rotation frequency of the hop-
ping modes.
4) The features of the experimental results were well sup-
ported with the theoretical simulations.
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